Southern blot analysis of T cell receptor (TCR) gene rearrangements has proven to be a helpful tool to establish clonality in T cell leukemias and lymphomas. To improve the detection of clonal TCR gamma (TCRG) gene rearrangements by Southern blot analysis, we designed four new J␥ probes and determined the most optimal restriction enzymes to be used with these probes. Based on detailed analysis of the sequences as well as on hybridization experiments with the TCRGJ21 probe, the J␥1.2 and J␥2.1 downstream areas were found to be highly homologous, suggesting that during evolution the duplication of the J␥ region was followed by deletion of the tentative J␥2.2 gene segment. Southern blot analysis of 51 T cell acute lymphoblastic leukemias (T-ALL) revealed that all TCRG gene rearrangements can be detected by use of the TCRGJ13 probe in EcoRI digests and the TCRGJ21 probe in PstI digests. Additional probes and digests allow a more precise identification of the exact type of TCRG gene rearrangements in the majority of cases. Almost 90% of the TCRG gene rearrangements in T-ALL involved the J␥2 region (16% J␥2.1 and 72% J␥2.3), whereas J␥1 region rearrangements were particularly found in TCR␥␦ + T-ALL. This information has implications for design of primer sets for PCR analysis at diagnosis and for PCR target choice in detection of minimal residual disease during follow-up of T-ALL patients.
Introduction
The human T cell receptor gamma (TCRG) locus (reviewed in Refs 1 and 2) has been mapped to chromosome 7 at band 7p15 3, 4 and consists of at least 14 variable gene segments (V␥) [5] [6] [7] [8] and two constant gene segments (C␥1 and C␥2), 5, 9, 10 each preceded by two or three joining gene segments (J␥). 5, 6, 11, 12 The general organization of the TCRG locus is illustrated in Figure 1a .
During the early stages of T cell development, V␥ gene segments are joined to J␥ gene segments. 11, 13, 14 These TCRG gene rearrangements remain present during further T cell maturation, in contrast to rearranged T cell receptor delta (TCRD) genes, which are deleted on one or both alleles in mature TCR␣␤ + T cells. 15, 16 Since T cell malignancies can be regarded as malignant counterparts of T cells in the various stages of Analysis of TCRG gene rearrangements is helpful to establish clonality in immature and mature T cell neoplasms. 20 For clonality studies in T cell lymphoproliferative disorders, Southern blot analysis is increasingly being replaced by polymerase chain reaction (PCR) techniques. [21] [22] [23] [24] For this purpose, PCR analysis of TCRG genes is frequently used because of the relative simplicity and limited combinatorial repertoire of the gene, which ensures that only a limited number of primers is required. 21, 23, 25, 26 Furthermore, in acute lymphoblastic leukemias (ALL) of T cell origin as well as of B cell origin, rearranged TCRG genes are frequently used as the target for PCR-based detection of minimal residual disease. [26] [27] [28] [29] [30] [31] In the optimization of TCRG PCR and the recognition of the precise TCRG gene rearrangement patterns in the various categories of leukemias and lymphomas, Southern blot analysis of the TCRG genes can serve as the gold standard. 32 Several types of J␥ probes have been used in Southern blotbased rearrangement studies. 5, 7, 11, 12, 33 However, in some cases comigration of germline and rearranged bands, and/or weak hybridization signals due to inappropriate probes may lead to false negative results. [29] [30] [31] [32] Furthermore, precise identification of the detected rearrangement is not always possible. Therefore, we wished to improve the Southern blot detection of TCRG gene rearrangements. Based on sequence data of the J␥-C␥ region of the TCRG locus (Koop et al, unpublished results), we carefully determined the restriction map of this area, designed new J␥ probes, and evaluated several probe/enzyme combinations to determine the optimal combinations for routine Southern blot detection of clonal TCRG gene rearrangements as well as for a precise characterization of the detected rearrangements.
Materials and methods

Samples
Peripheral blood (PB) or bone marrow (BM) samples were obtained from 51 T-ALL patients. These included 29 CD3 
Organization of the human TCRG locus. (a) The human TCRG locus comprises two constant region gene segments (C␥) preceded by two or three joining gene segments (J␥) and at least 14 variable gene segments (V␥) belonging to four subgroups and located upstream of the two J␥-C␥ regions. Nine V␥ gene segments (five of which are functional and four of which are pseudogenes) belong to subgroup I, whereas subgroups II, III and IV each consist of a single gene segment designated V␥9, V␥10 and V␥11, respectively. Three pseudogenes, V␥A, V␥B and vg1, located upstream of V␥9, upstream of V␥11, and downstream of V␥11, respectively, belong to none of these subgroups. 
Southern blot analysis
DNA was isolated as previously described. 32, 34 Fifteen micrograms of DNA were digested with the appropriate restriction enzymes (Life Technologies, Paisley, UK). The restriction fragments were size-fractionated in 0.7% agarose gels and transferred to Nytran-13N nylon membranes (Schleicher and Schuell, Dassel, Germany) by vacuum blotting. The membranes were hybridized with 32 P-random oligonucleotide-labeled probes. 32 
Construction of J␥ probes
Four new J␥ probes were constructed in the areas flanking the 3′ side of the J␥ gene segments for optimal detection and identification of TCRG gene rearrangements. The probes were obtained by cloning the purified PCR amplification products of granulocyte DNA. All oligonucleotide primers were designed according to sequence data (Koop et al, unpublished results) and synthesized on a 392 DNA synthesizer (PE Biosystems, Foster City, CA, USA), with the solid-phase phosphotriester method and used without further purification (Table 1) . PCR was essentially performed as previously described. 34 One g granulocyte DNA, 12.5 pmol of the upstream and downstream oligonucleotide primers and one unit of AmpliTaq DNA polymerase (Perkin-Elmer Cetus, Norwalk, CT, USA) were used per 100 l reaction volume. The PCR products were size-fractionated by 1.0% agarose gel electrophoresis. After recovery from the agarose gel using Millipore Ultrafree-MC filters (Millipore, Bedford, MA, USA), the PCR products were cloned via overhanging A nucleotides in the pGEM-T Easy vector (Promega, Madison, WI, USA). All probes were sequenced from both sides to confirm their position downstream of the J␥ regions ( Figure 1b ). Sequence reactions were performed with the dye-terminator cycle sequencing kit (PE Biosystems) following the manufacturer's instructions, and run on an ABI Prism 377 fluorescent sequencer (PE Biosystems) using denaturing 8% polyacrylamide sequence gels.
Construction of restriction map and analysis of genetic polymorphisms
The whole joining region of the TCRG locus was sequenced starting 1027 bp upstream of the J␥1. segments (accession No. AF057177; Zhan et al, submitted), allowed us to construct a restriction map of the J␥-C␥ region ( Figure 1b ) as well as a Table (Table 2 ) with exact fragment sizes of germline and rearranged bands in relevant digests, as they would be detectable with the four different J␥ probes. Granulocyte DNA from 15 healthy volunteers was used to confirm restriction sites within the J␥ gene region and to determine frequently occurring restriction fragment length polymorphisms (RFLP).
Results and discussion
Design of four new TCRG probes
For optimal detection and identification of TCRG rearrangements, we developed a new set of four J␥ DNA probes: TCRGJ11, TCRGJ12, TCRGJ13 and TCRGJ21 (Figure 1b) . These probes were designed according to the following criteria: no cross-hybridization to other DNA fragments should occur, the size of the probes should preferably be between 500 bp and 1 kb, the probes should be positioned immediately downstream of the corresponding J␥ gene segment, and for each probe at least two appropriate restriction enzymes should be selected, which result in small restriction fragments to avoid comigration of germline and rearranged bands. 32 Because of the high homology between the J␥1.3 and J␥2.3 downstream areas, we were able to design a single TCRGJ13 probe which recognizes both regions (Figure 1b) . A similar approach appeared to be impossible for the J␥1.1 and J␥2.1 regions, where sequence homology was only found in the first 150 bp immediately downstream of the J␥ sequences. Some groups have used a common probe of approximately 200 bp for both regions, but this bears the risk of false negative results due to weak hybridization signals. 11, 29, 32 For this reason we designed separate probes for the J␥1.1 and J␥2.1 gene seg-ments, the TCRGJ11 and TCRGJ21 probes, respectively (Figure 1b) . The fourth probe (TCRGJ12) was designed in the area downstream of the J␥1.2 gene segment.
Sequence comparison showed that the introns between J␥1.2 and J␥1.3 and between J␥2.1 and J␥2.3 are highly homologous over a stretch of approximately 2750 bp directly upstream of J␥1.3 and J␥2.3 (Figure 1b) . Southern blot analysis with the TCRGJ21 probe confirmed this homology, as evidenced from two strong germline bands in granulocyte DNA. Homologies between J␥1.1 and J␥2.1 and between J␥1.3 and J␥2.3 have been described previously. 5, 12, 35 Together these data suggest that during evolution duplication of the J␥ region has occurred, with subsequent deletion of a 3.8 kb fragment from the second J␥ gene region, containing the tentative J␥2.2 gene segment (Figure 1b) .
Based on sequence data of the J␥-C␥ area (Koop et al, unpublished results), we constructed a detailed restriction map of the J␥ regions of the TCRG locus (Figure 1b) . Additional information on restriction sites upstream of the RSS of the V␥ segments (accession No. AF057177) allowed us to select optimal probe/restriction enzyme combinations. These probe/enzyme combinations, together with the calculated restriction fragment sizes of germline and rearranged TCRG genes, as detected by the four different J␥ probes are shown in Table 2 . Since the sizes of the germline fragments differ from rearranged bands in all probe/enzyme combinations, all rearrangements can be detected. Precise identification of the rearranged gene segments is generally possible, especially when each probe is used in combination with two digests. Figure 2 shows the detection and identification of rearrangements to J␥1.3 or J␥2.3 gene segments by use of the TCRGJ13 probe after digestion with EcoRI. Hybridization with the TCRGJ21 probe after digestion of DNA with PstI, allows a clear distinction between germline and rearranged bands, but rearranged bands frequently have the same size, because the PstI restriction sites upstream of the RSS of the V␥ gene segments are similar for several distinct V␥ gene segments. Identification of most rearrangements can then be obtained in HindIII digests (Table 2) .
Efficient detection of J␥1.1, J␥1.2, and J␥2.1 rearrangements
Hybridization of PstI digested DNA with the TCRGJ21 probe not only enables detection of J␥2.1 rearrangements, but also of J␥1.1 and J␥1.2 rearrangements. This is due to crosshybridization of the TCRGJ21 probe to a region ෂ6.3 kb and ෂ 3.6 kb downstream of the J␥1.1 and J␥1.2 gene segments, respectively, and the absence of PstI restriction sites between the J␥1.1 gene segment and the cross-hybridization position of the TCRGJ21 probe (Figure 1b) . Consequently, all rearrangements to the J␥1. (Table 2 and Figure 3) . The narrow clustering of the rearranged bands and the absence of comigration with germline bands, ensures that the TCRGJ21 probe in PstI digests can detect all TCRG gene rearrangements, which are not detected with the TCRGJ13 probe in EcoRI digests. So, the problem of undetected TCRG gene 
Figure 2
Southern blot analysis of TCRG genes in five selected T-ALL patients. DNA from control cells and from T-ALL samples was digested with EcoRI, size separated, and blotted on to a nylon membrane filter. The filter was hybridized with a 32 P-labeled TCRGJ13 probe. The sizes (in kb) of the germline bands as well as of the identified rearranged bands are indicated. rearrangements can finally be solved in a simple way: usage of the TCRGJ13 and TCRGJ21 probes in EcoRI and PstI digests, respectively.
Polymorphisms in the J␥ region
We performed some additional experiments to check for frequently occurring RFLP, which might hamper interpretation of the results. Only two RFLP were observed, which have already been described in the literature. 7, 9, 10, 32 Firstly, a polymorphic EcoRI site 0.9 kb upstream of the J␥2.3 gene segment (Figure 1b 
Figure 3
Southern blot analysis of TCRG genes in six selected T-ALL patients. DNA from control cells and from T-ALL samples was digested with PstI, size separated, and blotted on to a nylon membrane filter. The filter was hybridized with a 32 P-labeled TCRGJ21 probe. The sizes (in kb) of the germline bands and of the rearranged bands are indicated. In the control sample two germline bands are observed due to hybridization of the TCRGJ21 probe to the J␥2.1 gene segment (4.9 kb) and cross-hybridization of the TCRGJ21 probe to the region downstream of the J␥1.2 gene segment (8.0 kb). Rearrangements to J␥2.1 (patients T139, T084, and T030) result in bands varying from approximately 2.9 kb to 3.3 kb, rearrangements to J␥1.2 in bands of approximately 4.1 to 4.5 kb (patient T013), and rearrangements to J␥1.1 in bands of approximately 6.8 to 7.2 kb (patients T072 and T005).
( Figure 4b) . In case the single HindIII restriction site between J␥2.1 and J␥2.3 is not present, the same polymorphic germline or rearranged band (rearranged to J␥2.1) will be detected by both the TCRGJ21 and the TCRGJ13 probe. The sizes of the polymorphic germline and rearranged bands are given in Table 2 . 
TCRG gene rearrangement patterns in T-ALL
To evaluate the usefulness of the new probes for studying TCRG gene rearrangement patterns, we analyzed a series of 51 T-ALL samples, consisting of 29 CD3
− T-ALL, 14 TCR␣␤ + T-ALL, and eight TCR␥␦ + T-ALL (Table 3) . Virtually all analyzed T-ALL had at least one rearranged TCRG allele and the vast majority (ෂ 94%) had biallelic rearrangements. Approximately 72% of the rearrangements in our series of T-ALL occurred to J␥2.3 (79% in CD3 − T-ALL, 68% in TCR␣␤ + T-ALL and 56% in TCR␥␦ + T-ALL). The second most frequently observed rearrangement in the overall group was to J␥2.1, accounting for about 16% of the rearrangements (11% in CD3 − T-ALL, 29% in TCR␣␤ + T-ALL and 13% in TCR␥␦ + T-ALL). Rearrangements to J␥1.1 and J␥1.2 were rare, ie only three and one rearranged allele, respectively. These results are comparable to previously described data, 12, 32, 36 although the Southern blot data in the literature about J␥1.1, J␥1.2 and J␥2.1 might not be fully reliable as explained before. So most rearrangements (ෂ 90%) were to J␥2 gene segments: 90% of
CD3
− T-ALL, 97% of TCR␣␤ + T-ALL and 69% of TCR␥␦ + T-ALL. This suggests a trend that rearrangements to J␥1 gene segments occur more frequently in TCR␥␦ + T-ALL. This is confirmed by our recent study in 30 TCR␥␦ + T-ALL, in which 23% (13 out of 56 rearranged alleles) of all PCR analyzed TCRG gene rearrangements indeed involved J␥1 gene segments. 36 The J␥1.3 and J␥2.3 rearrangements together account for 79% of the rearranged alleles, implying that the TCRGJ13 probe in EcoRI digests allows detection and identification of rearrangements in almost 80% of alleles. The additional 20% of rearranged TCRG alleles can be detected with the TCRGJ21 probe.
Conclusion
We conclude that our newly developed set of four J␥ probes, in combination with the relevant restriction enzymes, allows optimal detection and identification of all TCRG gene rearrangements. We demonstrated that in principal only two probe/enzyme combinations are needed to detect all TCRG gene rearrangements: the TCRGJ13 probe detects all rearrangements to J␥1.3 and J␥2.3 in EcoRI digests (Figure 2 ) and the TCRGJ21 probe detects all rearrangements to J␥1.1, J␥1.2, and J␥2.1 in PstI digests (Figure 3 ). The relatively simple structure of the TCRG gene with a limited number of rearrangeable V␥ and J␥ gene segments justifies the use of only one digest per probe, without the risk of missing rearrangements due to comigration of germline and rearranged bands. Additional probes and digests allow further identification of the rearrangements in virtually all cases ( Table 2) . The set of probes described here can now be used in Southern blot clonality studies as the gold standard for assessment of TCRG gene rearrangement patterns. This probe set is currently being used for this purpose in the recently started BIOMED-2 Concerted Action 'PCR-based clonality studies for early diagnosis of lymphoproliferative disorders' (grant No. PL96-3936).
